Infiltration of T cells in breast tumors correlates with improved survival of patients with breast cancer, despite relatively few mutations in these tumors. To determine if T-cell specificity can be harnessed to augment immunotherapies of breast cancer, we sought to identify the alpha-beta paired T-cell receptors (TCRs) of tumor-infiltrating lymphocytes shared between multiple patients. Because TCRs function as heterodimeric proteins, we used an emulsion-based RT-PCR assay to link and amplify TCR pairs. Using this assay on engineered T-cell hybridomas, we observed ∼85% accurate pairing fidelity, although TCR recovery frequency varied. When we applied this technique to patient samples, we found that for any given TCR pair, the dominant alpha-or beta-binding partner comprised ∼90% of the total binding partners. Analysis of TCR sequences from primary tumors showed about fourfold more overlap in tumor-involved relative to tumor-free sentinel lymph nodes. Additionally, comparison of sequences from both tumors of a patient with bilateral breast cancer showed 10% overlap. Finally, we identified a panel of unique TCRs shared between patients' tumors and peripheral blood that were not found in the peripheral blood of controls. These TCRs encoded a range of V, J, and complementarity determining region 3 (CDR3) sequences on the alpha-chain, and displayed restricted V-beta use. The nucleotides encoding these shared TCR CDR3s varied, suggesting immune selection of this response. Harnessing these T cells may provide practical strategies to improve the shared antigen-specific response to breast cancer.
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I nfiltration of numerous tumors by CD8
+ alpha-beta T cells is associated with better outcomes and longer survival times for patients with breast cancer (1) (2) (3) (4) (5) . Targeted immune-based therapies hold great promise toward improving breast cancer treatments (6, 7) . Studies have examined the immune phenotype of breast cancer tumor-infiltrating lymphocytes (TILs), suggesting that activated nonsuppressive T cells are of most benefit (8) . Further assessment of the TIL repertoire has broad implications for breast cancer therapies in antigen discovery, cancer vaccines, and adoptive cell therapies (7) .
Unique genetic recombination events are required to produce the T-cell receptor (TCR) (reviewed in 9). The alpha-and beta-chains of the TCR undergo V(D)J recombination and heterodimerize in the thymus, resulting in a diverse T-cell repertoire that specifically recognizes peptide-MHC complexes. Many studies have analyzed the alpha-and beta-chains of TIL TCRs separately using highthroughput sequencing to describe the diversity of TILs (10) (11) (12) (13) . Pairs are readily identified after expansion of T-cell clones, although culture of T cells can lead to substantial skewing of the repertoire (14) , which may select for T cells of varied affinity or avidity (15) . Single-cell sequencing identifies alpha-beta pairs, but is often laborious and has relatively low throughput. Tumor-reactive TCR pairs can be generated from activated T cells after culture with an autologous tumor using gene capture followed by frequency-based matching (11) . Recently, a high-throughput statistical method to determine the matched alpha-beta pairs was published, demonstrating high-fidelity pairing by this combinatorial analysis (16) .
We sought to develop a method that was well-suited for limiting numbers of T cells ex vivo. In addition, we reasoned that identified TCRs shared between patients would target shared antigens due to the low incidence of common mutations in breast cancer as well as the low mutational burden (17) . Methods using emulsion PCR increase the sensitivity and fidelity of standard PCR reactions (18) , and were recently applied to paired TCR repertoire analysis of peripheral blood CD8 T cells (19) . This technique facilitates the analysis of large numbers of TCR pairs from single cells. However, the technique, as published, is limited to amplification of a single V-beta gene and a limited number of V-alpha genes. To elucidate the T-cell repertoire responding to
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breast cancer, we required a method that included primers recognizing all potential TCR V genes.
We developed an expanded version of the emulsion RT-PCR protocol and then applied it to the CD8 + TCR repertoires of HLA-A2 + tumors, lymph nodes (LNs), and peripheral blood lymphocytes (PBLs) from patients with breast cancer and PBLs from control donors. Using this method on hybridomas whose alpha-TCR pairs were known, we showed that 85% of the alphaand beta-chains paired with the expected partner. Within patient samples with an unknown repertoire, we found that for any given TCR pair, a dominant alpha-or beta-binding partner comprised ∼90% of the total binding partners for the analyzed alpha-or beta-TCR. Comparing TIL TCRs with TCRs found in the corresponding sentinel LNs, we found a fourfold increase in repertoire overlap in LNs that were tumor-involved relative to LNs that were not. TIL sequences from a patient with bilateral breast cancer showed 10% overlap between the repertoires of the two tumors. Finally, we identified multiple shared alpha-beta pairs among patient tumors that were not present in control samples.
Results
To identify alpha-and beta-TCR sequences of TILs, we modified the emulsion RT-PCR protocol of Turchaninova et al. (19) to include primers for all V-alpha and V-beta TCR genes (Tables S1  and S2 ). These primers included overlapping complementary regions to facilitate annealing of the appropriate alpha and beta genes to each other during the initial PCR. Following purification of DNA from the emulsion, a second PCR using nested C-region primers and blocking oligos with noncomplementary 3′ ends (Table  S3 ) was used to amplify alpha-beta joined products and suppress amplification of unpaired genes, respectively. A third nested PCR was performed to add the adaptors and barcodes for Illumina sequencing (Table S3 ). For analysis of the sequence reads of the paired alpha-and beta-TCRs, we developed a modified version of MiTCR (20) , which we have named CompleteTCR.
To confirm that all 92 V-alpha and V-beta primers amplified a corresponding V-alpha or V-beta gene, we performed real-time PCR reactions using each of these primers and pooled cDNA derived from the PBL T cells of four donors. All primer reactions produced a quantifiable product, which crossed cycle threshold (Ct) between 15 and 35 cycles (Tables S1 and S2), demonstrating that this primer set binds and amplifies all potential alpha-and beta-TCR genes.
To determine the robustness of this protocol and the fidelity of alpha-beta pairing, we mixed 10 hybridomas expressing different, known alpha-and beta-TCRs before adding them to the emulsion RT-PCR protocol (Table S4) . Replicate samples were processed and sequenced without the emulsion, using the same cycling parameters for all steps to determine pairing fidelity and efficiency (Fig. 1A) . The frequency of TCRs paired with the correct input partner was ∼85% when the emulsion was used, and was reduced to 5-10% in the absence of the emulsion. Analysis of the incorrect pairs showed no single alpha-chain was dominantly paired with any given beta-chain, or vice versa, suggesting random pairing in the absence of the emulsion. Although the hybridomas were added in equal numbers, the recovered read frequencies rarely reflected the input frequencies (Fig. 1B) . Real-time PCR of the TCR transcripts from the hybridomas before adding them to the emulsion showed the ratio of the alpha-to beta-transcript, and the amount of transcript between clones varied greatly, likely skewing the resulting sequences (Fig. 1C) .
We next applied this technology to identify shared T-cell clonotypes in TILs of patients with breast cancer. Patients provided consent and were HLA-typed, and their tissue samples were collected (Table 1) . CD8
+ T cells were positively selected from digested tumors, LNs, and PBLs; incubated overnight in IL-2 to increase the concentration of intracellular TCR transcript; and subjected to emulsion RT-PCR ( Fig. 2A) . Sixty frequently identified TCR pairs across all repertoires were analyzed for the diversity of binding partners of the alpha-and beta-TCR chains. When (A) Ten 5KC T-cell hybridomas were mixed in equal numbers, and emulsion RT-PCR was performed either with or without emulsion phase. Sequences were analyzed for pairing with the correct alpha-TCR (black) or beta-TCR (gray). Percentages represent the number of reads that paired with the input alpha or beta out of the total number of reads for the analyzed alpha or beta (n = 5 replicate experiments). (B) Frequency that a given TCR pair was recovered after being added in equivalent numbers is shown as a percentage of the total reads recovered (n = 5 replicate experiments). (C) Real-time quantitative PCR for the transcript abundance in the various 5KC hybridomas before addition to the emulsion RT-PCR normalized to the amount in the 1234 hybridomas (n = 3 replicate experiments). Error bars represent SD from the mean. The average read count was 670,000 across five experiments.
analyzing all recovered binding partners for the alpha-chains, 90% were a single TCR beta-sequence. For the beta-chain, the percentage dropped to 87%, which we presume is due to the presence of complete allelic exclusion at the TCR-alpha-chain locus or perhaps to the thymic proliferation of the beta-chain-expressing pre-T cell before alpha-chain rearrangements (Fig. 2B ).
We were interested in comparing the repertoires from TILs with the repertoire of either their corresponding tumor-involved (LN + ) or tumor-free (LN − ) sentinel LN T cells (Fig. 3A) . We found that 7.7% of the TIL TCR repertoire was also found in the corresponding LN + repertoire, as opposed to only 2% when comparing the TIL repertoire with the LN − repertoires (Fig. 3A) . We then determined the T-cell repertoire heterogeneity in tissues from distinct spatial regions of a patient who presented with estrogen receptor (ER) + /progesterone receptor (PR) + tumors in each breast (p20; Table 1 ). The right LN was tumor-involved, whereas the left LN was tumor-free. A total of 9.6% of the TIL TCRs from the right tumor were found in the right LN, whereas 5.4% of left TIL TCRs were found in the left LN (Fig. 3B) . Comparison of the TIL repertoires revealed 11.2% of the right TIL TCRs were found in the left TIL TCR repertoire and 10% for the reverse analysis, with similar results observed for the LNs (8.3% and 13.2%, respectively). Of the 29 TCRs common to both TIL repertoires, five were found in all tissues collected from p20 (Fig. 3C) .
With the goal of ultimately activating endogenous breast cancerspecific immune responses present in vaccine recipients, we next determined which TCRs from the tumor samples were shared across patients, but not tumor-free controls. We hypothesized that tumorspecific T cells are present in both the tumor and the blood of patients with cancer, but exist at a lower frequency in cancer-free controls. Shared TCRs from 21 patient tumors (the majority of which were ER + PR + ; Table 1 ) and corresponding PBLs were identified, and compared with the PBLs from six HLA-A2 + (Fig. 4 ) and three HLA-A2 − (data not shown) healthy controls of a similar age range to the patients. The degree of overlap between the repertoires of different patients either in the PBLs or the tumor was not significantly different. Strikingly, we found 18 TCRs shared across seven or more patient tumor repertoires, many of which were also detected in the patient blood repertoires (Fig. 4 and Fig. S1A ). The shared TCRs were encoded by various nucleotide sequences, suggesting antigen-based selection and expansion of these TCRs (Table  S5) . Additionally, only four shared TCRs were found in PBLs of three HLA-A2
+ control donors, suggesting that the shared TCRs were predominantly restricted to patients with cancer (Fig. 4) . None of the TCRs were present in the blood from healthy HLA-A2 − controls (data not shown). We found no significant differences in the number of unique TCRs found exclusive to a single repertoire across all tissue samples (Fig. S1B) . The TCRs encoded a range of V, J, and complementarity determining region 3 (CDR3) sequences on the alpha-chain, and had restricted V-beta use. The CDR3 lengths averaged 14 aa for alpha and 15 aa for beta. Shared TCRs 005 and 010 were notable because they were mostly detected in the tumor repertoires. These specific TCRs may bind to an antigen expressed by the tumor, which will be determined in future experiments and may be useful in the development of immunotherapies.
Discussion
To identify alpha-beta TCR pairs from tumors of patients with breast cancer as tools for immunotherapies, we modified and expanded a previously published method of single-cell emulsion RT-PCR (19) . With this enhanced method, we analyzed the T-cell repertoire ex vivo, unaffected by skewing or cell death during culture (14, 21) . Single-cell emulsion RT-PCR provides information about the identity of individual T cells by analyzing the TCR chains as a pair, eliminating the need for computer-based algorithmic pairing or mix-and-match of separate alpha-and beta-chains. This high-throughput technique can be applied to large diverse populations, limited numbers of cells, and/or low-diversity populations.
The pairing efficiency of TCRs from T cells from primary tissue is ∼90%, although the calculation to obtain this number requires the assumption that a given alpha or beta only pairs with one other chain in the repertoire. Emulsion RT-PCR provides a qualitative Table 1 ).
profile of the TCR repertoire, but due to minute primer-binding differences, TCR transcript abundance and/or stability, and/or cDNA conversion efficiency, it is not quantitative. Therefore, to determine the population dynamics of a given emulsion RT-PCRderived pair precisely, this technique must be paired with more established TCR profiling methods, such as single-cell RT-PCR from sorted cells, cloning of tumor T cells, and/or RNA-or DNAbased bulk sequencing (11, (22) (23) (24) (25) . Additionally, our observation that differences in TCR transcript abundance in laboratorygenerated T-cell hybridomas results in differential recovery of TCR sequences has implications in profiling diverse T-cell pools. Naive and tolerant T cells express less TCR transcript than activated functional counterparts. Directly sequencing these diverse populations may lead to enrichment for activated T cells and loss of T cells that are naive or hyporeactive. Sorting populations of interest will likely enhance recovery of target populations by normalizing TCR transcript levels.
We obtained an average of 10 reads per input cell, with an average of ∼500,000 sequences per sample; 1-3% of the TCR sequences appeared once and were dropped from the analysis as potential sequencing errors and because we were ultimately interested in T cells that expanded in response to the tumor. It has been estimated that the size of the TCR-beta repertoire in an individual is ∼3 × 10 6 unique TCRs, drawing from an estimated 5 × 10 11 possible sequences (26) . Because the PBL is so heterogeneous with numerous infrequent clones, discarding the singly sequenced TCRs may have removed bona fide antitumor TCRs. Additionally, we assume that the tumor samples we analyzed are representative of the entire tumor. However, spatial differences in immune cell infiltrates (27) render it likely that some antitumor TCRs may not have been sampled.
Isolation and cloning of T cells from primary tumors has difficulties stemming from issues such as T-cell exhaustion and anergy, as well as the deleterious environment of the tumor (28) . We expected that isolation of T cells from the sentinel LN would provide a potential source of tumor-specific T cells, less affected by the tumor environment. We showed that tumor-infiltrated LNs are nearly fourfold more likely to contain TCRs that are also present in the TIL from the primary tumor than tumor-free LNs (Fig. 3A) . Therefore, future studies aimed at identifying tumor-specific TCRs could use tumor-involved LNs as an alternative tissue source.
The analysis of the alpha-beta pairs from breast cancer TILs and blood shows a predominance of TCR variable region beta (TRBV) 7 family-member TCRs, suggesting that this V-beta family is responsible for tumor recognition. Alternatively, the TRBV7 primers may confer bias due to mispriming, because there are eight primers for the TRVB7 family in these assays (Fig. 4 and Table S2 ). However, there are also eight primers for the TRVB6 family, and we only identified one shared TCR using this V-beta gene. Comprehensive analysis of V-beta use in healthy individuals does not show dominance in TRBV7 use (26, 29) . Furthermore, it has been described previously that specific V-beta subsets are enriched within the tumor (29, 30) , and analysis of colorectal tumors has shown that only one-third of shared V-beta TCRs are from the TRBV7 family (13) . However, use of V-region primers designed to bind closer to the 5′ end of the variable genes, coupled with the rapid development of sequencers delivering greater read length and depth, will be instrumental in expanding the limits and sensitivity of emulsion RT-PCR.
We discovered 18 unique TCR alpha-beta pairs in tumors and/ or blood shared in seven to 15 of 20 patients. The shared TCRs were found sparingly in control blood from female HLA-A2 + donors without breast cancer (Fig. 4) , and were absent in HLA-A2 − donors, suggesting that the shared TCRs may be tumor-specific. The shared TCRs displayed variation in the encoding CDR3 nucleotide sequences, indicating selection of the TCR is driven by the tumor (Table S5) . Although it is possible that we identified TCRs reactive against a common viral antigen(s), the limited recovery of the shared TCRs from control blood makes this conclusion unlikely. Additionally, because 16 of the 20 patients shared the HLA-A2:01 allele and the other four expressed alleles of the HLA-A*02 supertype, it is likely that the TCRs we have identified are HLA-A2:01-restricted and present the same peptide (31) . The overall mutational burden of breast cancer is lower than most human cancers (32) , and the frequency of more common mutations is less than 10% (17) . These observations, coupled with the majority of the patients in this study being ER + /PR + , means it is likely that the recovered shared TCRs are to a nonmutated antigen(s) found in each patient. Additionally, the patients who were not ER + /PR + contained fewer shared TCRs in their repertoires. Future experiments will determine the antigens responsible for the expansion of these T cells and will contribute to antigen-specific therapies.
Materials and Methods
Cell Lines. All 5KC T-cell hybridomas were propagated in Spinner modification minimum essential medium (S-MEM) supplemented with essential and nonessential amino acids, penicillin/streptomycin, 7 mM NaHCO 3 , 75 μM gentamicin, 750 μM sodium pyruvate, 3 μM dextrose, 1.7 μM L-glutamine, 36 nM betamercaptoethanol, and 10% FCS. The 5KC cell lines used are listed in Table S4 .
Real-Time Quantitative PCR. RNA from equal numbers of 5KC hybridoma cells (Table S4 ) was isolated using TRIzol. Real-time quantitative PCR was performed using the following primer sets for the mouse alpha-and beta-TCR constant regions: alpha, GGACATGAAAGCTATGGATTCCAAGAGCAATGGG and CAGGAGGATTCGGAGTCCCATAACTG; beta, GTGGGTGAATGGCAAG-GAGGTCCAC and GGTTTGGGTGAGCCCTCTGGC. Samples were amplified in triplicate using Power SYBR Green RNA to Ct 1-Step Mix (Applied Biosystems) and analyzed on a Roche Lightcycler 450. . Tumor tissue and tumor-infiltrated LNs were separated from fat tissue and minced into pieces up to 2 mm in diameter with scalpel blades. Fragments were then treated with 0.2 Wunsch U/mL Liberase (Roche) and 10 U/mL DNase (Sigma) in RPMI (Life Technologies) for up to 1 h as needed until the tissue dissociated. Enzymatic dissociation was stopped by adding 5 mL of RPMI +10% (vol/vol) FBS. The digested tissue suspension was then filtered through a 70-μm filter followed by a 40-μm filter. Red blood cell (RBC) lysis was performed, if necessary, using RBC Lysis Buffer (Biolegend). LNs without tumor infiltration were similarly treated, but without enzymatic digestion. PBL samples were Ficoll-separated (GE Healthcare) to remove cellular debris and RBCs. T-cell populations were isolated from single-cell suspensions using a CD8 Positive Selection Kit (Stem Cell Technologies or Life Technologies) following the manufacturer's recommendations and incubated in 10 IU/mL IL-2 (Peprotech) overnight before emulsion RT-PCR.
HLA Typing. We collected PBLs from patients at the time of consent, 1-2 wk before surgery. After Ficoll separation, we determined the HLA serotype by flow cytometry with an HLA-A2 antibody (clone BB7.2; Biolegend). We isolated genomic DNA by TRIzol extraction from 1 × 10 6 mononuclear cells for high-resolution genotyping from the HLA-A2 + samples (HLA Laboratory, City of Hope).
Emulsion Reverse Transcription-PCR. An emulsion phase was generated using a Micellula Emulsion and Purification Kit, per the manufacturer's recommendations (EURx). Three hundred microliters of emulsion phase was added to 50 μL of RT-PCR master mix [1× Qiagen OneStep RT-PCR buffer, 1× Qiagen Q-Solution, 0.4 μM dNTPs, 1 μL Qiagen OneStep RT-PCR enzyme mix, 10 U of RNAseOUT (Life Technologies), 600 nM C-region primers, 600 nM Stepout primer, 60 nM V region primers (Tables S1-S3) ] containing 5,000-250,000 T cells and vortexed at high speed for 5 min at 4°C. The resulting 350-μL reaction was separated into three PCR tubes and subjected to the following RT-PCR regimen: one cycle of 65°C for 2 min; one cycle of 50°C for 40 min; one cycle of 95°C for 15 min; 40 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 2 min; and one cycle of 72°C for 5 min. The three PCR reactions per original emulsion phase were then pooled and purified using the Micellula Emulsion and Purification Kit.
Nested PCR. Two nested PCR reactions were performed following reverse transcription-PCR. The first nested PCR reaction amplified the entire eluted RT-PCR product in a 100-μL total volume using Taq polymerase (New England Biolabs), 0.2 μM C-region primers, and 1.55 μM blocking oligos (Table S3) , and the following cycling conditions were used: 95°C for 30 s; 30 cycles of 95°C for 30 s, 52°C for 30 s, and 68°C for 1 min; and one cycle of 68°C for 5 min. The second nested PCR reaction was performed using LA Taq (New England Biolabs) and 2 μL of the first nested PCR and 0.4 μM primers (Table S3 ) in a 50-μL total volume with the following cycling conditions: 94°C for 30 s; 20 cycles of 94°C for 30 s, 53°C for 30 s, and 65°C for 1 min; and one cycle of 65°C for 5 min. The resulting products were gel-purified and quantified using a QuBit Fluorometer (Life Technologies).
Illumina High-Throughput Sequencing. Separate samples were pooled in equal molar amounts and adjusted to a final concentration of 3.4 μM. Six microliters of the pooled sample was diluted 1:1 with 0.2 M NaOH and incubated at room temperature for 5 min before addition of 1 mL of Hybridization Buffer (Illumina). A 6:10 dilution of the sample was then made in Hybridization Buffer. Six hundred microliters of the diluted sample was loaded on an Illumina MiSeq flow cell, and paired-end 2 × 250 sequencing was performed per the manufacturer's instructions.
Bioinformatic Processing. Raw sequence reads were processed using the opensource Galaxy Platform (33) (34) (35) . Reads were paired by joining the 3′ ends to create a 500-nt-long read with small portions of the C regions on either end. The reads were then clipped from either end using the engineered overlap sequence as the identifier, creating two separate files containing only TCR information from the alpha-or beta-TCR. Nonclipped reads were discarded. The clipped files, which contained identical cluster identifications (IDs) for paired alpha-and beta-TCRs, were then analyzed for their TCR identities using CompleteTCR (https://github.com/kamichiotti/CompleteTCR.git). The CompleteTCR pipeline was built from MiTCR (20) , an efficient tool for CDR3 extraction, clonotype assembly, and repertoire diversity estimation, but limited to independent analysis of the alpha-or beta-TCR chain. CompleteTCR allows determination of alpha-beta pairs by manipulating raw MiTCR outputs using an R script. Two modest changes to the MiTCR source code were made because MiTCR assigns each input read a numeric identifier. First, the standard MiTCR results file was written to include a list of the numeric IDs for all reads belonging to each pair. Second, a temporary output file was created to map the sequence identifier for each read in the input FASTQ file to its MiTCR-assigned numeric identifier. No changes were made to the algorithms MiTCR uses for CDR3 extraction, clonotype assembly, or error correction. The R script first annotated the reads of each alpha-clonotype with the appropriate sequence identifiers, repeating the process for the reads of each beta-clonotype. The alpha-and beta-reads were next paired by their sequence identifier, and any read lacking a mate was removed from the dataset. Finally, the frequencies of alpha-beta pairs were calculated. CompleteTCR required Java version 1.7.0 or higher and R version 3.1.0 or higher with the plyr package version 1.8.3 (36) or higher. It was run from the command line via a shell wrapper script that required an input manifest detailing locations of the alpha and beta FASTQ files and their corresponding sample names. These results were further analyzed using standard procedures in Excel.
Statistical Analysis. The error bars in Figs. 1-3 and Fig. S1B represent the SD of the mean. The LN + and LN − comparison in Fig. 3 used an unpaired t test with
Welch's correction to determine significance. N refers to the number of samples in each experiment or the number of unique TCR sequences in a sample.
